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In this work, we introduce a biological detoxiﬁcation method that converts toxic waste from castor beans
into animal feed material. This method simultaneously induces the production of tannase and phytase by
Paecilomyces variotii; both enzymes have high levels of activity and have the potential to be used in feed-
stuffs because they decrease overall anti-nutritional factors. The maximum tannase and phytase activities
obtained were 2600 and 260 U/g after 48 and 72 h, respectively. SDS–PAGE electrophoresis of the fer-
mented castor cake extracts revealed a reduction in ricin bands during fermentation, and the bands were
no longer visible after 48 h. The cytotoxicity of the extracts was evaluated by MTT testing on RAW cells,
and a progressive increase in cellular viability was obtained, reaching almost 100% after 72 h of
fermentation.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The castor bean contains oil that makes up approximately 50%
of the mass of the bean (w/w, dry mass). The oil has special char-
acteristics, such as high viscosity, heat and pressure stability, a low
freezing point, and the ability to form waxy substances after chem-
ical treatments (Conceição et al., 2005). The castor bean is a prom-
ising candidate for biodiesel production; in recent years, Brazilian
research has focused on the development of a process to produce
biodiesel from castor beans (Gutarra et al., 2005). After a transeste-
riﬁcation reaction, an unwanted by-product referred to as castor
bean residue is produced (Godoy et al., 2009).
The castor bean residue, or cake, that remains after the extrac-
tion of the oil comprises about one half of the castor bean’s weight
(Robb et al., 1974). The residue has a protein content of 34–36%.
When the beans are decorticated, the protein content of the cake
can be increased to 60% (Mottola et al., 1968), potentially making
it an excellent source of protein for animals. Despite its availability
and high protein content, castor bean residue is not used as a pro-
tein supplement due to its toxicity; currently, it is used as an or-
ganic fertilizer. Ricin is the most lethal of the toxins found in
castor bean residue and is reported to make up as much as 1.5%
(w/w, in defatted cake). The other three toxins present in castor
bean residue are ricinine, Ricinus communis agglutinin and aller-
gen CB-1A. These toxins are present in lower concentrations andx: +55 19 3521 1513.
eira).
lsevier OA license.have relatively insigniﬁcant toxic effects, rendering them negligi-
ble when considering the use of castor bean residue as animal feed.
For this reason, any attempt to detoxify castor bean residue should
be aimed at removing ricin (Anandan et al., 2005).
Oil cakes, such as castor bean residue, are potentially very use-
ful for biotechnological enzyme production. There are several re-
ports describing the production of various enzymes using oil
cakes as substrates in solid-state fermentation (SSF), or as a sup-
plement to the production medium. Oil cakes are an ideal nutrient
support in SSF because they provide both carbon and nitrogen
sources, and are reported to be good substrates for enzyme produc-
tion in fungal species (Ramachandran et al., 2007).
The production of feed-grade enzymes such as amylases, cellu-
lases, tannases and phytases by solid-state fermentation (SSF) and
their application in feed have been examined in many studies
(Bogar et al., 2002; Gautam et al., 2002; Sabu et al., 2002; Singhania
et al., 2009).
Phytases are the key enzymes used to supplement animal feed
and have been used as animal growth boosters (ﬁsh, poultry,
swine) by pre-treating or dephytinizing feedstuffs (Cao et al.,
2007). The myo-inositol hexakisphosphate 3-phosphohydrolase
(EC 3.1.3.8), and myo-inositol hexakisphosphate 6-phosphohydro-
lase (EC 3.1.3.26), are classiﬁed as histidine acid phosphatases that
catalyze the hydrolysis of phosphate from phytic acid, producing
inorganic phosphate and myo-inositol phosphate derivatives. The
released phosphorus can then be used in metabolic processes.
These enzymes are present in many plant and animal tissues,
and they are also produced by many species of fungi and bacteria
(Singhania et al., 2009).
Table 1














1 1 (66) 1 (31) 1 (6) 1536 70
2 +1 (84) 1 (31) 1 (6) 2292 168
3 1 (66) +1 (49) 1 (6) 496 8
4 +1 (84) +1 (49) 1 (6) 864 35
5 1 (66) 1 (31) +1 (10) 796 43
6 +1 (84) 1 (31) +1 (10) 824 113
7 1 (66) +1 (49) +1 (10) 872 10
8 +1 (84) +1 (49) +1 (10) 816 20
9 1.68 (60) 0 (40) 0 (8) 480 10
10 +1.68 (90) 0 (40) 0 (8) 1720 151
11 0 (75) 1.68 (25) 0 (8) 1432 117
12 0 (75) +1.68 (55) 0 (8) 416 22
13 0 (75) 0 (40) 1.68 (4.6) 1544 28
14 0 (75) 0 (40) +1.68 (11.4) 688 29
15 0 (75) 0 (40) 0 1304 19
16 0 (75) 0 (40) 0 1208 22
17 0 (75) 0 (40) 0 1152 18
a xi is the coded value and Xi is the actual value of the it independent variable. The
conversion between xi and Xi is described on Eq. (1).
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3.1.1.20), is an enzyme that cleaves ester linkages in hydrolysable
tannins (Belmares et al., 2004), producing glucose and gallic acid
(Banerjee et al., 2005). Tannase is an extracellular, inducible en-
zyme produced in the presence of tannic acid by fungi, bacteria
and yeast (Battestin et al., 2007a). This enzyme increases the bio-
availability of nutrients by the hydrolysis of the phenolic (tannins)
anti-nutritional factors when used during the preparation of feed
(Graminha et al., 2008).
In this work, Paecilomyces variotii, which has previously re-
ported to be an excellent tannin-degrading microorganism and
tannase producer (Battestin and Macedo, 2007b), was used to pro-
duce tannase and phytase simultaneously, both of which are very
important enzymes used during the production of animal feed.
Castor bean residue, a toxic residue and byproduct of Brazilian bio-
diesel production, was inoculated with a strain of P. variotii for
enzymatic production using the solid-state fermentation process.
We demonstrate that it is possible to combine the biotechno-
logical production of these two enzymes, which are important in
the feed enrichment process, with the biological detoxiﬁcation of
the castor bean residue, enabling its use as a rich protein source
in animal feed.
2. Methods
2.1. Microorganism and inoculum preparation
The P. variotii strain used in this study was isolated from soil
samples collected in the state of São Paulo, Brazil, and was selected
as the tannase and phytase producer. The strain was deposited at
the Brazilian Collection of Environmental and Industrial Microor-
ganisms (CBMAI) under the number 1157.
The fungus strain was maintained in a Potato Dextrose Agar
(PDA) medium on slants with glycerol, which were refrigerated
at 4 C. For sporulation, plates with PDA medium were inoculated
with the fungal strain and incubated at 30 C for 3 days. The spores
were suspended in distilled water at a concentration of 9  106
spores/mL (Battestin et al., 2007a).
2.2. Solid-state fermentation
A. Azevedo Industry Oils (Itupeva, SP) donated the castor bean
residue. The residue was ground in a knife mill (Philips, RI 1725)
and separated in a sieve shaker (Mesh 10, particle size under
1.86 mm). The pH of residue was obtained by homogenization in
water using a Digimed DM-22 potentiometer; the free water from
the residue was measured using a Karl Fischer Analyzer KF-1000.
The fermentation medium was prepared in 250 mL Erlenmeyer
ﬂasks, where 5 g of the castor bean residue was added to 5 mL of
saline solution containing (g/L): KH2PO4, 1.0; NH4NO3, 2.0,
MgSO47H2O, 0.2; CaCl22H2O, 0.02; MnCl24H2O, 0.004; Na2-
MoO42H2O, 0.002; FeSO47H2O, 0.0025 and 10% tannic acid (w/
w). After sterilization, the ﬂasks were inoculated with 1 mL of
the inoculum suspension and were incubated at 30 C and 90% rel-
ative humidity for 96 h.
2.3. Enzyme extraction
After incubation, acetate buffer (pH 5.0, 0.02 M) was added, and
the ﬂasks were shaken at 200 rpm for 1 h. The solution was ﬁltered
and centrifuged at 10,070 g for 30 min at 4 C (Centrifuge Beckman
J2-21, Beckman-Coulter, Inc., Fullerton, CA, USA). The supernatant
was assayed for phytase and tannase activity. The material re-
tained on the ﬁlter was assayed for hydrolysable tannins, and the
presence of ricin was evaluated by electrophoresis and a cytotoxic-
ity assay.2.4. Enzymatic activity assays
Phytase and tannase activities were evaluated according to
Stockmann et al. (2003) and Mondal et al. (2001), using p-nitro-
phenylphosphate and tannic acid as substrates, respectively. One
unit of enzymatic activity was deﬁned as the amount of enzyme
needed to release 1 lmol/min of free p-nitrophenol when evaluat-
ing phytase, and 1 lmol/min of residual tannic acid when evaluat-
ing tannase. Enzyme activity was expressed as units/gram of dry,
solid medium (based on initial mass).2.5. Culture conditions for the production of tannase and phytase
The fermentation parameters that had the greatest inﬂuence on
tannase production were evaluated with a CCD (central composite
design) methodology, and the same analysis was performed to
evaluate the inﬂuences on phytase production. The independent
variables were relative humidity (%) (Climate Chamber 420
CLD – Nova Etica, SP, Brazil), saline solution concentration (% (v/
w) of total dry substrate) and tannic acid concentration (% (w/w)
of total substrate). The concentration of the saline solution was
determined according to the maximum moisture absorption
capacity of the castor bean residue. The variables were coded,
according to Eq. (1):
xi ¼ Xi  X0DXi : ð1Þ
Here, xi is the coded variable, Xi is the natural variable of the
nutrient factor, X0 is the value of the natural variable at the center
point, andDXi is the step change value. The variables and levels are
shown in Table 1.
The Statistica software package deﬁned a full CCD methodology
for 3 factors (23), consisting of 8 cubic points, 6 star points and 3
replicates at the center point, which served to estimate experimen-
tal error and to investigate the suitability of the proposed model,
the details of which are presented in Table 1. The experimental re-
sults were ﬁtted to a second-order polynomial function, and the
Student t-test permitted checking the statistical signiﬁcance of
the regression coefﬁcients. Analysis of variance (ANOVA) was per-
formed on the experimental data to evaluate the statistical signif-
Table 2
Analysis of variance and regression analysesa for the response of the central
composite design of tannase production.
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coded variables, ignoring the statistically non-signiﬁcant terms.
2.6. Evaluation of hydrolysable tannin content
The hydrolysable tannin content of castor bean residue, before
and after fermentation, was extracted using 50% aqueous acetone.
The mixture was shaken at 150 rpm for 2 h. After shaking, the mix-
ture was ﬁltered and centrifuged at 1320g for 15 min at 5 C, and
the clear supernatant was analyzed (Naczk and Shahidi, 2004).
The hydrolysable tannin content was analyzed according to Brune
et al. (1991). The test was done in triplicate.
2.7. Ricin detection by protein electrophoresis – detoxiﬁcation
detection
Castor bean residues were prepared as described in item 2.3
(enzyme extraction). The materials were solubilized (4:1) in a
phosphorus buffer (pH 7.0) for 3 h in a rotary shaker and centri-
fuged at 10,000 g for 15 min. The samples were then dissolved in
a loading buffer (Tris–HCl with b-mercaptoethanol and sodium
dodecyl sulfate) at a concentration of 10 mg/mL, and were boiled
for 5 min at 95 C. The samples were analyzed by 12.5% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
(Vertical Slab Mini-Protean Electrophoresis System Bio-Rad Labo-
ratories, Hercules, CA, USA) according to Laemmli (1970). The pro-
teins were stained with a 0.5% solution of Coomassie brilliant blue
R-250. Control references were as follows: (M) standard MW elec-
trophoresis calibration kit (Pharmacia Biotech), (R) pure standard
ricin sample, (1) unfermented castor bean residue extract and (2)
unfermented and autoclaved castor bean residue extract. Both cas-
tor bean residue extract controls were dissolved in a loading buffer
at a concentration of 10 mg/mL, and were boiled for 5 min at 95 C.
2.8. Determination of cytotoxicity
RAW 264.7 cells were used to inoculate 96-well plates at a den-
sity of 10  104 cells per well. Following a 24-h incubation period,
adherent cells were washed once with PBS (phosphate-buffered
saline). Cells were then incubated in media containing various con-
centrations of unfermented castor bean residue extract to deﬁne
the minimum toxic concentration. Positive and negative cellular
controls were also included in this analysis. The cell viability
among the cultures was analyzed after a 24-h incubation period
using the MTT method (Mosmann, 1983). The plate was centri-
fuged for 10 min at 1200 rpm at 4 C. After removing the medium,
10 lL of MTT solution and 90 lL of PBS were added to each well of
an ELISA plate, and the plate was incubated at 37 C for 3 h. Follow-
ing the incubation, 100 lL of 10% SDS in 0.01 M HCl was dispensed
into each well using a pipette to dissolve the formazan, and the
plates were incubated for 18 h. Finally, the absorbance of each well
was measured at 540 nm using an ELISA plate reader.
After the minimum toxic concentration of the castor bean
residue extract had been deﬁned, it was used in the MMT test,
which was repeated as described above, but with samples of bio-
transformed castor bean residue extract taken after 24, 48 and











Regression 3845263 6 640877 25.31 0.0001
Residual 253209 10 25321
Lack of ﬁt 241390 8 30174
Pure error 11819 2 5910
Total 4098472 16
a Coefﬁcient of determination: R2 = 0.94.
b Ft0.1;6;10 = 2.46.3. Results and discussion
3.1. Tannase and phytase production in castor bean residue
The wild Brazilian P. variotii strain was able to grow in castor
bean residue by solid-state fermentation, which resulted in the
production of the extracellular enzymes tannase and phytase.The maximum activities occurred after 72 h (phytase) and 48 h
(tannase), and these times were used in the CCD experiment.
An experiment was designed to determine the optimal relative
humidity (%), saline solution concentration (% (v/w) of total dry
substrate) and tannic acid concentration for solid-state fermenta-
tion, and the results are shown in Table 1.
The quadratic model used to calculate the tannase activity, after
eliminating the statistically insigniﬁcant terms (p > 0.1), is as
follows:
Y ¼ 1152þ 233x1  301x2  84x22  243x3  144x1x3 þ 317x2x3
The analysis of variance was reproduced and is shown in Table
2. The Fisher F-statistic (F = 25.3 > Ft0.1;6;10 = 2.46) was 10.3 times
higher than the Ft and p-value of <0.01, demonstrating that this
regression model was statistically signiﬁcant at the 90% conﬁdence
level. Additionally, the R2 value obtained was 0.94.
The highest tannase activity achieved in the experimental de-
sign tests was 2292 U/g at 84% relative humidity, 31% (v/w) saline
solution content and 6% (w/w) tannic acid concentration (assay 2).
The response surface in Fig. 1 indicates that higher tannase activity
may have been found at higher relative humidity levels; however,
relative humidity levels higher than 90% were not attainable in the
Climate Chamber, limiting the highest experimental value of rela-
tive humidity to 90%.
The trends observed for the saline solution concentration and
tannic acid concentration variables indicated that higher enzy-
matic activity was obtained using lower concentrations. Previous
studies suggest that greater increments of inducer molecules can
have toxic effects on P. variotii, among other issues (Battestin and
Macedo, 2007b), which may explain why lower concentrations of
tannic acid were more effective at inducing tannase production.
A tannic acid concentration of 6% (w/w) was signiﬁcantly lower
than the value of 11% used by Battestin and Macedo (2007b),
who produced tannase using the same microorganism grown on
wheat bran and coffee husk. Using a lower tannic acid concentra-
tion reduces the cost of the medium.
Additionally, tannase production decreased as the concentra-
tion of saline solution was increased. One hypothesis was that
the lower enzymatic activity was due to the presence of salts in
the solution, and not to the moisture levels that the solution con-
tained. To conﬁrm this idea, a single variable fermentation test
was performed with trials containing a 25% (v/w) saline solution
or 25% (v/w) distilled water. A humidity of 25% (v/w) is low enough
that it does not inhibit fungal growth. The ﬁxed conditions were
90% relative humidity and 6% (w/w) tannic acid concentration.
The results of tannase activity for this test were 2.092 and
2.620 U/g for the media containing salt solution and distilled
water, respectively. Inorganic salts can change osmotic balance
(Zeng et al., 2011) and can either inhibit or enhance microbial
growth. This phenomenon has not been observed in previous stud-
ies using wheat or coffee husk to induce tannase production by P.
variotii (Battestin and Macedo, 2007b) but can be explained by the
Fig. 1. A response surface representative of tannase activity as a function of relative
humidity vs. tannic acid concentration vs. the concentration of saline solution,
according to the CCD.
7346 J.V. Madeira Jr. et al. / Bioresource Technology 102 (2011) 7343–7348reduced mobility of substrates during the solid-state fermentation
process as described by Ito et al. (2011).
The tannase activity achieved in these experiments was signif-
icantly higher than the activities obtained by Sabu et al. (2005),who obtained 13 U/g after 96 h of fermentation at 30 C with the
solid-state fermentation of palm kernel cake using Aspergillus niger,
or than the 69 U/g reported by Kumar et al. (2007), who used
Aspergillus ruber to produce tannase at 30 C after 96 h, with Amla,
Ber, Jamun, Jamoa and Keekar leaves as substrates. These data
demonstrate the high potential for tannase production by this wild
strain isolated by our group, data which are reinforced by the ﬁnd-
ings of Battestin and Macedo (2007b).
Phytase production by P. variotiiwas analyzed after the fermen-
tation process had proceeded for 72 h. The results are shown in
Table 1. The quadratic model calculated for maximum phytase
activity, after eliminating the statistically insigniﬁcant terms
(p > 0.1), is as follows:
Y ¼ 23þ 32x1 þ 20x21  35x2 þ 16x22  16x1x2
The analysis of variance reproduced in Table 3 shows that the
model was signiﬁcant. The Fisher F-statistic (F = 25.5 > Ft0.1;5;11
= 2.45) was 10.4 times higher than the Ft value, and the p-value
of <0.01 demonstrates that this regression model is statistically
signiﬁcant at the 90% conﬁdence level. The R2 value obtained for
this model was 0.92.
The greatest phytase activity was 184 U/g at 84% relative
humidity, 31% (v/w) saline solution and 6% (w/w) tannic acid. Sim-
ilar to what was observed in the tannase production model, Fig. 2
indicates that higher phytase activities could be obtained with a
relative humidity above 90% and bymaintaining the saline solution
below 25% (v/w). The effect of tannic acid content was ignored be-
cause phytase production was not inﬂuenced by its presence.
The same steps described for the evaluation of tannase produc-
tion were followed when evaluating phytase production, and a sin-
gle variable fermentation test was performed with trials containing
a 25% (v/w) saline solution or 25% (v/w) distilled water. The ﬁxed
conditions were also 90% relative humidity and 6% (w/w) tannic
acid. The results of phytase activity for this test were 240 and
265 U/g for the media containing salt solution and distilled water,
respectively. The fermentation conditions most favorable for fun-
gal growth and tannase production were also the best conditions
for the phytase production in the same medium, the only differ-
ence being that maximum tannase activity was obtained after
48 h and that the maximum phytase activity was obtained after
72 h.
There are a few studies on phytase production by solid-state
fermentation in the literature. However, the phytase activity we
achieved was higher than that reported by Vassilev et al. (2007),
who obtained 58 U/g of activity from dry olive waste inoculated
with A. niger, and it was also higher than the 44.5 U/g published
by Roopesh et al. (2006), who produced phytase using Mucor
racemosus with solid-state fermentation using sesame oil cake
and wheat bran as substrates at 30 C, after 96 h of fermentation.
The enzymatic activity levels obtained for both tannase and
phytase in these experiments demonstrates the potential for this
process to be used in industrial applications. In previous studies,
we demonstrated that tannase and phytase have synergistic effects
that decrease anti-nutritional factors (tannins and phytates) in ani-
mal feed (Schons et al., 2011). It is very interesting that we were
able to produce both enzymes using the same experimental
process.3.2. Analysis of biotransformed castor bean residue
The analysis of hydrolysable tannins from the castor bean resi-
due extracts before and after fermentation by P. variotii showed a
reduction from 3.3 ± 0.2 to 0.5 ± 0.2 mg/g of substrate. Tannins
are the substrates of the tannase produced by the tested fungus,
and their hydrolytic action during the fermentation may have
Table 3
Analysis of variance and regression analysesa for the response of the central











Regression 40085 5 8017 25.53 0.00001
Residual 3450 11 314
Lack of ﬁt 3441 9 382
Pure error 9 2 4.5
Total 43535 16
a Coefﬁcient of determination: R2 = 0.92.
b Ft0.1;5;11 = 2.45.
Fig. 2. A response surface representative of phytase activity as a function of relative
humidity vs. the concentration of saline solution, according to the CCD.
Fig. 3. SDS–PAGE of protein extracts from castor bean residue. Lane M, protein
molecular weight marker; lane R, puriﬁed ricin; lane 1, unfermented substrate; lane
2, unfermented and sterilized (150 autoclaved) substrate; lane 3, 24-h fermented
substrate; lane 4, 48-h fermented substrate; lane 5, 72-h fermented substrate.
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extract, increasing the concentration of gallic acid monomers in the
medium. Treviño-Cueto et al. (2007) studied the accumulation of
gallic acid from the biodegradation of tannins present in Larrea tri-
dentate leaves during fermentation with A. niger. The reduction of
hydrolysable tannins is interesting in the improvement of the cas-
tor bean residue as an animal feed material, given that the tannins
constitute anti-nutritional factors because they chelate minerals
and proteins.
3.3. Ricin detection
Bands corresponding to ricin protein could be observed in
unfermented castor bean residue extract (Fig. 3, lane 1). The steril-
ized control medium (Fig. 3, lane 2) indicated that the thermal
sterilization treatment performed on the residue before inocula-
tion was not responsible for ricin elimination.
Castor bean residue detoxiﬁcation by P. variotii was evaluated
during the course of a fermentation process that spanned 72 h,
and a gradual reduction in ricin was observed over time. A reduc-
tion in the amount of ricin was observed after 24 h of fermenta-
tion; after 48 h, the ricin bands were no longer visible (Fig. 3,
lanes 4 and 5).
Most likely, the fungus uses the ricin as a nutrient source, caus-
ing it to be reduced to non-detectable levels, resulting in a re-
duced-toxicity residue (Godoy et al., 2009).The biological detoxiﬁcation of agro-industrial residues by so-
lid-state fermentation has been previously described. Godoy
et al. (2009) detoxiﬁed castor residue by fermentation with
Penicillium simplicissimum. Joshi et al. (2011) reported the degrada-
tion of phorbol esters when Jatropha curcas was fermented after
being deoiled by Pseudomonas aeruginosa. Anandan et al. (2005)
tested different methods for the detoxiﬁcation of castor residue
ricin. Among the methods tested, only autoclaving (15 psi,
60 min) and calcium hydroxide treatment (40 g/kg castor residue)
eliminated the toxin completely. Godoy et al. (2009), indicated that
there were very few studies on the bio-detoxiﬁcation of castor
bean residue in the literature, but several physical and chemical
detoxiﬁcation treatments have been described, highlighting the
increasing interest in the matter.
The results presented describe a simple, low-cost, biological
detoxiﬁcation method that converts toxic waste into potential feed
material. The simultaneous production of the tannase and phytase
enzymes adds additional merit to these methods.3.4. Evaluation of cytotoxic effects induced by bio-transformed castor
bean residue
The ﬁrst step in evaluating the cytotoxicity of the castor bean
residue extract was to screen for the minimum concentration of
the extract with detectable cytotoxic effects, which was accom-
plished using the mitochondrial dehydrogenase activity test
(MTT) under the conditions described previously (Mosmann,
1983). The minimum concentration of the castor bean residue ex-
tract that induced cellular death was 1 lg/mL; using this concen-
tration, cell viability decreased about 70% compared to the
control. Low concentrations of extract did not differ statistically
from the control, indicating they were non-toxic to the cells.
To further evaluate the cytotoxicity of the castor bean residue
extracts that were obtained 24, 48 and 72 h after fermentation
by P. variotii, the extracts were incubated with RAW cells at con-
centrations up to 1 lg/mL, under the same conditions described
above. The results of the MTT assay conducted using these extracts,
as well as for the unfermented (in natura) castor bean residue ex-
tracts, are shown in Fig. 4. The progressive increase in cellular via-
bility, starting from the castor bean residue extract in natura and
proceeding through the later periods of the fermentation process,
reaching almost 100% after 72 h of fermentation, was clearly ob-
served. These results conﬁrm the detoxiﬁcation effects observed
during electrophoresis analysis in the form of decreasing ricin
bands.
Fig. 4. Effect of unfermented castor bean residue extract on RAW cells 24, 48 and
72 h after fermentation.
7348 J.V. Madeira Jr. et al. / Bioresource Technology 102 (2011) 7343–73484. Conclusions
The main advantage of the process described in this manuscript
is the possibility to generate a feed-grade supplement based on a
detoxiﬁed castor bean residue enriched with tannase and phytase.
As discussed, tannase and phytase have synergistic effects, which
decrease anti-nutritional factors (tannins and phytates) in animal
feed.
This process has the potential to be very important for the agro-
industry in Brazil because castor bean residue will be an abundant
toxic residue as a byproduct of the biodiesel industry and because
there is an emerging market for feed ingredients.
Acknowledgements
The authors acknowledge the ﬁnancial support received from
CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível Supe-
rior-Brasil), CNPq (Conselho Nacional de Desenvolvimento Científ-
ico e Tecnológico) and FAPESP (Fundação de Amparo a Pesquisa do
Estado de São Paulo). The authors would like to thank Ms. Olga Lima
Tavares Machado for her assistance.
References
Anandan, S., Anil Kumar, G.K., Ghosh, J., Ramachandra, K.S., 2005. Effect of different
physical and chemical treatments on detoxiﬁcation of ricin in castor cake. Anim.
Feed Sci. Technol. 120, 159–168.
Banerjee, R., Mukherjee, G., Patra, K.C., 2005. Microbial transformation of tannin-
rich substrate to gallic acid through co-culture method. Bioresour. Technol. 96,
949–953.
Battestin, V., Pinto, A.S., Macedo, G.A., 2007a. Biochemical characterization of
tannases from Paecilomyces variotti and Aspergillus niger. Food Sci. Biotechnol.
16, 243–248.
Battestin, V., Macedo, G.A., 2007b. Tannase production by Paecilomyces variotii.
Bioresour. Technol. 98, 1832–1837.
Belmares, R., Contreras-Esquivel, J.C., Rodríguez-Herrera, R., Coronel, A.R., Aguilar,
C.N., 2004. Microbial production of tannase: an enzyme with potential use in
food industry. Lebensm-Wiss u-Technol. 37, 857–864.
Bogar, B., Szakacs, G., Tengerdy, R.P., Linden, J.C., Pandey, A., 2002. Production of
alpha-amylase with Aspergillus oryzae on spent brewing grain by solid substrate
fermentation. Appl. Biochem. Biotechnol. 102–103, 453–461.
Brune, M., Hallberg, L., Skânberg, A., 1991. Determination of iron-binding phenolic
groups in foods. J. Food Sci. 56, 128–131.
Cao, L., Wang, W., Yang, C., Yang, Y., Diana, J., Yakupitiyage, A., Luo, Z., Li, D., 2007.
Application of microbial phytase in ﬁsh feed. Enz. Microbial Technol. 40, 497–
507.Conceição, M.M., Candeia, R.A., Dantas, H.J., Soledade, L.E.B., Fernandes, V.J., Souza,
A.G., 2005. Rheological behavior of castor oil biodiesel. Energy Fuels 19, 2185–
2188.
Gautam, P., Sabu, A., Pandey, A., Szakacs, G., Soccol, C.R., 2002. Microbial production
of extracellular phytase using polystyrene as inert support. Biores. Technol. 8,
229–233.
Godoy, M.G., Gutarra, M.L.E., Maciel, F.M., Felix, S.P., Bevilaqua, J.V., Machado, O.L.T.,
Freire, D.M.G., 2009. Use of a low-cost methodology for biodetoxiﬁcation
of castor bean waste and lipase production. Enz. Microb. Technol. 44, 317–
322.
Graminha, E.B.N., Gonçalves, A.Z.L., Pirota, R.D.P.B., Balsalobre, M.A.A., Silva, R.,
Gomes, E., 2008. Enzyme production by solid-state fermentation: application to
animal nutrition. Anim. Feed Sci. Technol. 144, 1–22.
Gutarra, M.L.E., Cavalcanti, E.D.C., Castilho, L.R., Freire, D.M.G., Sant’Anna Jr., G.L.,
2005. Lipase production by solid-state fermentation: cultivation conditions and
operation of tray and packed-bed bioreactors. Appl. Biochem. Biotechnol. 121,
105–116.
Ito, K., Kawase, T., Sammoto, H., Gomi, K., Kariyama, M., Miyake, T., 2011. Uniform
culture in solid-state fermentation with fungi and its efﬁcient enzyme
production. J. Biosci. Bioeng. 111, 300–305.
Joshi, C., Mathur, P., Khare, S.K., 2011. Degradation on phorbol esters by
Pseudomonas aeruginosa PseA during solid-state fermentation of deoiled
Jatropha curcas seed cake. Biores. Technol. 102, 4815–4819.
Kumar, R., Sharma, J., Singh, R., 2007. Production of tannase from Aspergillus ruber
under solid-state fermentation using jamun (Syzygium cumini) leaves. Microbial
Res. 162, 384–390.
Laemmli, U.K., 1970. Cleavage of structural proteins during assembly of head of
bacteriophage-T4. Nature 227, 680–685.
Mondal, K.C., Banerjee, D., Jana, M., Pati, B.R., 2001. Colorimetric assay method for
determination of the tannin acyl hydrolase (EC 3.1.1.20) activity. Anal. Biochem.
295, 168–171.
Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:
Application to proliferation and cytotoxicity assays. J. Immunol. Meth. 65, 55–
63.
Mottola, A.C., Hendrickson, A.P., O’Connell, D.E., Rhoda, Palter., Kohler, G.O., 1968.
Pilot plant deactivation of castor meal antigen. Lime process. J. Agric. Food
Chem. 16, 725–729.
Naczk, M., Shahidi, F., 2004. Extraction and analysis of phenolics in food. J.
Chromatogr. A 1054, 95–111.
Ramachandran, S., Singh, S.K., Larroche, C., Soccol, C.R., Pandey, A., 2007. Oil cakes
and their biotechnological applications – a review. Biores. Technol. 98, 2000–
2009.
Robb, J.G., Laben, R.C., Walker, H.G., Herring, V., 1974. Castor meal in dairy rations. J.
Dairy Sci. 57, 443–450.
Roopesh, K., Ramachandran, S., Nampoothiri, K.M., Szakacs, G., Pandey, A., 2006.
Comparison of phytase production on wheat bran and oilcakes in solid-state
fermentation by Mucor racemosus. Biores. Technol. 97, 506–511.
Sabu, A., Pandey, A., Jaafar Daud, M., Szakacs, G., 2005. Tamarind seed powder and
palm kernel cake: two novel agro residues for the production of tannase under
solid-state fermentation by Aspergillus niger ATCC 16620. Biores. Technol. 96,
1223–1228.
Sabu, A., Sarita, S., Pandey, A., Szakacs, G., Bogar, B., Soccol, C.R., 2002. Solid-state
fermentation for production of phytase by Rhizopus oligosporus. Appl. Biochem.
Biotechnol. 102–103, 251–260.
Schons, P.F., Ries, E.F., Battestin, V., Macedo, G.A., 2011. Effect of enzymatic
treatment on tannins and phytate in sorghum (Sorghum bicolor) and its
nutritional study in rats. Int. J. Food Sci. Technol. Article ﬁrst published
online: 23 MAR 2011; doi:10.1111/j.1365-2621.2011.02620.x.
Singhania, R.R., Patel, A.K., Soccol, C.R., Pandey, A., 2009. Recent advances in solid-
state fermentation. Biochem. Eng. J. 44, 13–18.
Stockmann, C., Losen, M., Dahlems, U., Knocke, C., Gellissen, G., Buchs, J., 2003. Effect
of oxygen supply on passaging, stabilizing and screening of recombinant
Hansenula polymorpha production strains in test tube cultures. FEMS Yeast Res.
4, 195–205.
Treviño-Cueto, B., Luis, M., Contreras-Esquivel, J.C., Rodríguez, R., Aguilera, A.,
Aguilar, C.N., 2007. Gallic acid and tannase accumulation during fungal solid-
state culture of a tannin-rich desert plant (Larrea tridentata Cov.). Biores.
Technol. 98, 721–724.
Vassilev, N., Vassileva, M., Bravo, V., Fernández-Serrano, M., Nikolaeva, I., 2007.
Simultaneous phytase production and rock phosphate solubilization by
Aspergillus niger grown on dry olive wastes. Ind. Crops Prod. 26, 332–336.
Zeng, J., Singh, D., Chen, S., 2011. Biological pretreatment of wheat straw by
Phanerochaete chrysosporium supplemented with inorganic salts. Biores.
Technol. 102, 3206–3214.
